INTRODUCTION
As the average age of the US population increases, so does the complexity of their medical care. As a result, up to 5% of patients experience physiologic deterioration during their hospital stay resulting in admission to the intensive care unit (ICU) or death. 1, 2 These adverse events frequently occur due to a mismatch between the patient's condition and resources available in their current hospital location. 3 Studies reveal many adverse events are preceded by indicators of physiologic deterioration including tachypnea, tachycardia, hypotension, decreased oxygen saturation, and changes in level of consciousness. [4] [5] [6] [7] [8] [9] [10] [11] [12] To pre-empt such adverse events, rapid response systems (RRS), defined as rapid response teams (RRTs) or medical emergency teams (METs, which include physicians), were developed to prevent patient crisis before a cardiopulmonary arrest. 13 Critical care outreach teams reported in the literature function in a manner similar to RRS while also providing some outreach to identify high-risk patients. 14 RRS calls are usually initiated by bedside nurses caring for the patient. 15, 16 To be effective, RRS must have an afferent limb (case detection and response triggering) in addition to an efferent limb (medical response) and must be constantly available. 3 Numerous studies describe a variety of characteristics for RRS, [17] [18] [19] [20] [21] [22] [23] [24] and some report various abilities to prevent adverse events 1, [25] [26] [27] [28] [29] [30] [31] [32] [33] while some find no effect. 19, [34] [35] [36] [37] [38] [39] The controversy regarding the benefits of an RRS centers around the recognition of physiologic deterioration as soon as possible and not just on the medical response. 8, 17, 40, 41 Thus, a significant barrier to prevent in-hospital cardiopulmonary arrest is the inability to provide adequate monitoring to detect physiologic deterioration. 3 To help identify physiologic deterioration early enough to prevent cardiopulmonary arrest, predictive models based on clinical and physiologic data such as the Early Warning Score 42 and the Modified Early Warning Score (MEWS) 43 have been used.
These predictive models assign values to patient data which increase as the values deviate further from normality. Initially, medical staff had to manually collect data and calculate the scores. Due to inconsistencies associated with manual scoring, automated methods, some utilizing response triggering, were developed to facilitate early recognition of physiologic deterioration. [44] [45] [46] [47] [48] [49] [50] This study reports the results of a 4-year effort to use our electronic medical record (EMR) to develop, implement, and evaluate an automated case detection and response triggering system for physiologic deterioration that meets nursing workflow and endorsement.
METHODS

Background
Intermountain Medical Center (IMC) in Salt Lake City, Utah, is an Intermountain Healthcare (IH) level 1 trauma facility and a 472-bed teaching hospital affiliated with the University of Utah School of Medicine. The key feature of the hospital information system is the integrated EMR that contains most clinical information including bedside charting by nurses and interfaces with patient bedside and portable monitors. [51] [52] [53] The coded data in the EMR facilitates the development and use of clinical decision support programs to analyze the data and constantly monitor patient care.
IMC created a MET when it opened in 2007. Nurses generally call the MET based on subjective assessment of the patient at the bedside as well as integration and recognition of abnormal objective data such as vital signs. Uncertainty inherent in the patient condition and MET process often led to numerous calls, with associated delays, to individuals such as charge nurses, respiratory therapists, or physicians before actual activation of the MET.
Stimulated by information from the MET and non-intensive care nurses' concerns about when to call the MET, in 2010 we created a MET Risk committee comprised of critical care nurses from the MET and its nursing and medical directors, intensive care physicians, an infectious disease physician, and medical informaticists to investigate the possibility of developing a computer application to monitor hospitalized patients every 5 min and use the latest patient information in our EMR to identify patients with early physiologic deterioration.
Predictive model development
After investigating a number of potential predictive models, the MET Risk committee decided to run multiple models in parallel on real patients and compare their predictive ability. When the initial physiologic deterioration detection models were developed, they were tested and 418 alerts for patients with physiologic deterioration were sent via secure email to the MET director, the MET nurse lead, and two intensive care nurses over an 18-month period (figure 1). The information contained in the email and format was designed by members of the MET Risk committee to help facilitate and simplify the evaluation of the patient. The alert was generated when a patient's score reached a certain level (4 or 5 during development) within a 2 h monitoring window. Hospice patients were excluded from generating alerts. Along with the alert and physiologic total score, the email contained a temporal review of the data for the last 24 h including the overall physiologic score and graphs of the heart rate, systolic blood pressure, temperature, and respiratory rate. Also included were a list of parameters currently out of range, a list of current medications the patient was receiving, and an attached log of all vitals sign measurements and mental status documentation for the previous 4 days (not shown in figure 1 ).
A total of 50 unique patient parameters were included in the different predictive models tested. While the email alerts were sent in real time, the MET and intensive care nurses tried to evaluate each within 72 h. During the model evaluation, the MET Risk committee usually met bi-monthly and reviewed the alerts and compared the models, the logic in each, and the cut off scores for generating alerts. While MEWS seemed to be superior for detecting cases of true physiologic deterioration, we did not feel the positive predictive value was high enough to interrupt bedside nurse's workflow. We then concentrated on modifying MEWS until the positive predictive value would be accepted by nursing staff. The positive predictive value for this study was defined as: did the bedside nurse or MET committee nurse determine the patient to have physiologic deterioration that required additional attention as determined by physiologic or neurologic markers, for example, tachycardia, tachypnea, fever, hypotension, hypertension, or consciousness state.
System development
The physiologic deterioration detection application was initially developed as a Microsoft Windows 64-bit application using the Delphi RAD XE2 (Embarcadero Technologies, San Francisco, CA) development environment. The application polls our EMR every 5 min for data from each patient. Patient data flows into our EMR episodically as clinicians manually chart, from laboratory test results, and every 15-60 min from physiologic monitors attached to patients. The application extracts the pertinent data from the EMR using a client/server system of components that were developed in-house and provided rapid development of interpretive algorithms. When the application identified patients with physiologic deterioration, the email alert described above was immediately sent to certain members of the MET Risk committee for analysis and verification.
Study design
Once we felt the positive predictive value of our modified MEWS physiologic deterioration alerts was acceptable, we met with nursing supervisors and decided to go live on nursing unit A on July 2, 2012 and then on another nursing unit B on September 4, 2012 (figure 2). Nursing unit A is a 33-bed medical and oncology floor and nursing unit B is a 33-bed non-ICU surgical trauma floor. Since the main issue for an RRS to be successful is early case detection and notification of appropriate staff, we determined pager alerts for initial deterioration notification would be more effective than email, supported by the fact that the charge nurses on each nursing unit always carry a pager. After receiving pages, charge nurses went to the 
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Evans RS, et al. J Am Med Inform Assoc 2015;22:350-360. doi:10.1136/amiajnl-2014-002816, Research and Applications patient room, verified the patient, and pulled up a web page on the bedside computer that contained the same information in the same format as sent in the email alerts (figure 1) with all the graphical data from the vital signs, nurse charting of patient mental function, and current medications. The charge nurse discussed the situation with that patient's nurse and made a decision whether or not to notify a physician, a licensed independent practitioner (LIP; physician assistant or nurse practitioner), or call the MET. The nurses caring for patients who were the subject of an alert were asked to fill out an evaluation form and return it to the nurse educator on that unit from the time the study started on that unit until the end of April 2013. The form provided information needed to evaluate the alerts such as which nurse responded to the alert, was the alert correct in identifying physiologic deterioration, was the alert incorrect due to erroneous patient data charted, and if a physician was called. For the cases where a nurse evaluation was not filled out and returned, members of the MET Risk committee retrospectively validated the alert based on the patient's latest medical data at the time of the alert.
Simulation training
During November 29-30, 2012 and December 3-6, 2012, nursing staff from unit A received additional training on recognizing and caring for deteriorating patients. The 1-hour training sessions covered the history of the MET at IMC, the purpose of the MET, and the patient conditions that necessitate activation of a MET call. Current MET usage data for unit A were shared along with the condition of patients for whom the team was previously activated. Following the instructional session, immersive high-fidelity simulation occurred. Groups were divided with four nurses and two patient care technicians participating in each session. Each group experienced two scenarios: one where they were active participants and one when they observed. Structured debriefing followed each scenario.
Statistical analysis
Two-tailed v 2 tests with Yates' correction were used to compare differences in proportions such as patient transfers to the ICU, MET calls, and mortality. Two-tailed t tests were used to compare the differences in averages between patient outcomes. To counteract the problem of multiple comparisons in the two different units, the Bonferroni correction was also applied when the uncorrected p value was below 0.05. This study was approved by the Intermountain Healthcare Office of Research for publication.
RESULTS
Physiologic deterioration detection model
The physiologic deterioration model we now clinically use analyzes 11 patient parameters (table 1). Scores !4 generate pages sent to the charge nurse. Since it may take time to resolve the physiologic deterioration, the logic in the model only sends one alert for the same patient during a 4 h period. The final model contains five parameters from the patient's vital signs and six different mental status scores charted by nursing staff. Because one of our goals was to achieve nursing approval, the final model for this program was developed based on clinical experience gleaned by prospective examination of the false positive and true positive alerts over an 18-month period rather than retrospective analysis using statistical methods with a defined set of outcome variables. We found we were able to reduce the false positive alerts by altering the weights and values of the variables used by MEWS without the need to increase model complexity with new patient variables available in our EMR.
Nurse evaluation results
A total of 341 (72%) evaluations were returned by nurses on unit A from July 2, 2012 to April 30, 2013 and 127 (58%) from unit B from September 4, 2012 to April 30, 2013 (figure 2). The nurses reported the positive predictive value of the alerts to be 91% including erroneous data in the EMR and 97% for the 319 alerts without erroneous data on unit A and 91% with the erroneous data and 100% for the 115 alerts without erroneous data on unit B. Erroneous data were defined as data entered into the EMR in error and used by the physiologic deterioration score. For the alerts that did not have nursing evaluations returned, the MET committee nurses determined the positive predictive value to be 92% for 133 alerts on unit A and 90% for 91 alerts on unit B.
Nurses also reported they called a physician in unit A 164 times (51%) and 51 times (44%) in unit B for the alerts without 
Physiologic deterioration alerts
During the intervention period from July 2, 2012 to July 1, 2013, a total of 3189 patients were cared for on nursing unit A, while 3100 patients on nursing unit B were cared for from September 4, 2012 to September 3, 2013. A total of 551 physiologic deterioration alerts were generated on nursing unit A and 289 alerts on unit B. Of those, 97 patients generated multiple alerts during their stay on unit A (range of 2-29) and 26 patients on unit B (range of 2-36). Almost 64% of the physiologic deterioration alerts generated had a total score of 4 (table 2). For both nursing units, vital sign data most often contributed to the physiologic deterioration alerts followed by nurse documentation of level of consciousness, Glasgow Coma Score, change in oxygen use, and the Intermountain Healthcare (IH) sedation score (table 3) .
Patient impact
There were no differences in average patient age, gender, average Charlson score, or length of stay for the patients on unit A and unit B between the intervention and pre-intervention years (table 4) . However, the patients on unit A were significantly older, had significantly higher Charlson comorbidity scores, and were significantly more often female than patients on unit B. Patients on unit A also had a significant increase in length of stay during the intervention year compared to the pre-intervention year and total hospital costs were significantly higher before the Bonferroni correction was applied. During the intervention year on unit A, more patients were transferred to an ICU (163 (5.1%) of 3189 compared to 146 (4.1%) of 3423; p ¼ 0.23), there were significantly more MET calls (60 vs 29; p ¼ 0.0008), and significantly fewer patients died (84 (2.6%) vs 125 (3.7%); p ¼ 0.044) compared to the pre-intervention year. While there were more MET calls (21 vs 11) on unit B, no significant differences were found between the intervention and pre-intervention periods. The average physiologic deterioration scores for the patients who died were significantly higher than those who did not die (p ¼ 0.002), but no significant difference was found between the average physiologic deterioration scores of patients transferred to the ICU. The primary discharge diagnosis ICD-9 codes during the intervention and pre-intervention years were very similar for unit A and unit B. Ten of the top 11 discharge diagnoses were the same in unit A and nine of 11 were the same in unit B. Codes for sepsis were included for 22% of the patients on unit A. Of interest, 33% of the physiologic deterioration alerts during the intervention years were for patients with a primary or secondary ICD-9 code for sepsis and 91% of those were on unit A. Six of the 11 top discharge codes for patients with physiologic deterioration alerts were the same as for the total number of patients on unit A, whereas only two matched on unit B. However, on unit A, we did not find a significant decrease in mortality for sepsis patients between the intervention and preintervention years (p ¼ 0.86), while there was a significant decrease in mortality for patients without sepsis (p ¼ 0.02).
Unit A MET simulation
Of the 3189 patients on unit A from July 2, 2012 to July 1, 2013, there were 1280 (40%) during the 5 months before the MET simulation and 1909 (60%) during the 7 months afterward. Before the MET simulation, 69 (5.4%) patients were transferred to an ICU compared to 94 (4.9%) (p ¼ 0.61), 31 (2.4%) died compared to 52 (2.7%) (p ¼ 0.68), and 22 (1.7%) had MET calls compared to 38 (2.0%) (p ¼ 0.67). The significant increase in MET calls and significant decrease in mortality on unit A does not appear to be attributed to the additional MET simulation training.
DISCUSSION
There appears to be variability in the ability of healthcare institutions to detect patients who experience physiologic deterioration. 54 Delayed defibrillation is common and patients who are attended to within 30-60 min of physiologic deterioration have significantly lower mortality rates. 9, 55, 56 This study found use of computerized decision support provided a way to constantly monitor patients and notify nursing staff of early physiologic deterioration, which resulted in a significant increase in appropriate MET calls and a significant decrease in mortality in the nursing unit containing older patients with multiple comorbidities.
The success of the RRS seems to be tied to nurses' clinical judgment, ability, experience, work environment, and willingness to activate the RRS appropriately. 28, [57] [58] [59] [60] [61] In those situations, nurses describe the RRS as life-saving for their patients and report increased morale and empowerment among nurses, real-time redistribution of workload for nurses, and immediate access to expert help. 62 Nurses rely on physical examination and experience to identify a deteriorating patient when in visual contact with the patient. 11 Two studies report that in situ nurse training led to improved recognition and management of deteriorating patients. 63, 64 However, despite nurse training and the implementation of physiologic deterioration methodologies such as MEWS, use of early warning scoring methods are rarely used during routine patient care. 3, 64 The simulation training we reported in this study was also not found to have a clinical impact on routine patient care. Moreover, nurses do not have constant visual contact with patients and up to 26% of nurses' responses to abnormal vital signs result in delays of between 1 and 3 h. 65 The use of continuous patient monitoring and graphical vital sign display of the physiologic deterioration alerts in this study appear to help overcome these barriers of irregular visual contact with patients and the uncertainty of the patient condition. It appears that automated decision support can reliably use MEWS, or other models, to consistently monitor and identify patients with physiologic deterioration early enough to impact patient care.
The nurses on both of the units of this study reported an appreciable difference in their workflow due to the identification of patients with early physiologic deterioration. With the patient trending information contained in the graphical alerts, nurses reported they had the information they needed to quickly evaluate the patient's status, felt more confident about their assessment, and were more at ease about requesting additional help. The nurses on unit A reported they are readily sharing the information with the medical residents or hospitalists on the unit. If the physician covering unit B was not present, nurses often shared the information with nurse practitioners or physician assistants. The nurses from both units and the MET reported that the aggregated information provided by the new physiologic deterioration alerts enabled deteriorating patients to receive expedited interventions, and in some cases avoided the need to call the MET. With the current high positive predictive value and the timing of the alerts, physicians and advance practice clinicians also have an increased interest in being included in the alert follow-up.
Acute change in level of consciousness leading to a MET call may carry a greater risk of death than activation due to arrhythmias. 41 When nurses find the patient unresponsive, they do not take time to chart that information before taking clinical action. While nurses called the MET based on patient level of consciousness during the pre-intervention year, we found nurse charting of patient level of consciousness was inconsistent and most often charted after the adverse event was resolved. We also found that often patient level of consciousness was charted at levels that would have initiated an alert for hospice patients. Therefore, the early alerting system we developed was generally activated by patient vital signs data rather than patient changes in level of consciousness. The respiratory rate was the second most common indicator of physiologic deterioration in this study. Others report respiratory failure to be a primary cause of emergency admission to ICUs and the respiratory rate and other vital signs are often not documented and their importance is underestimated. 66 
Impact of the physiologic deterioration alerts
The bedside nurses on both study units reported that they called a physician for 51% and 44% of the alerts and interventions were initiated for 59% and 52%. Moreover, due to nursing management requests, we have installed the physiologic deterioration alerts in two other units at LDS Hospital and are ramping up programming capabilities to install them at all nursing units in all 22 IH hospitals. While there was a significant increase in MET calls on unit A and an increase on unit B, the significant decrease in mortality for patients on unit A was not found on unit B. The patients on unit A were significantly older and had significantly more comorbidities compared to unit B and thus were more likely to experience physiologic deterioration as shown by significantly more patients on unit A generating physiological deterioration alerts (17% vs 9%; p<0.0002) and almost three times the number of MET calls during the intervention and pre-intervention periods (table 4) . Thus, based on the results of this study, it appears the benefit of our physiologic deterioration alerts may be higher for patients who are older and have multiple comorbidities. The patients in unit B were mostly younger or otherwise healthy males needing surgery for traumatic accidents. The fact that the length of stay was significantly higher in unit A and slightly higher in unit B during the intervention year compared to the pre-intervention year may be due to critical patients getting additional interventions, generating MET calls, or being transferred to the ICU early enough to survive and be discharged alive. Thus, those patients' length of stay would be expected to be longer and their hospital cost higher. In fact, the patients on unit A who had physiologic deterioration alerts had an average cost and length of stay of $22 928 and 4.7 days compared to $11 966 and 3.2 days for patients without alerts on unit A, and $45 333 and 4.9 days for patients with alerts compared to $15 929 and 3.2 days without alerts on unit B. Further research on the potential benefits of the physiologic deterioration alerts reported in this paper will be maintained as we continue to implement the alerts in more IH urban and rural hospitals.
Previous automated detection of physiologic deterioration
Previous studies report different electronic methods to help the early detection of physiologic deterioration. Initially, vital signs were manually entered into a personal digital assistant or the EMR and MEWS scores were calculated and sent to reports or pagers. 45, 47, 50 Manual use of MEWS is very costly per event detected and not recommended for monitoring all patients continuously. 3 Others have automated the collection of patient data and send risk scores to staff at 8-12 h intervals. 44, 46, 48, 49 During short term or retrospective analyses, some previous studies report an increase in MET calls and a decrease in non-ICU codes or their predictive models compared favorable to other scoring systems. 44, 48, 49 To our knowledge, this is the first publication concerning a continuous real-time implementation and evaluation of nursing-accepted and endorsed alerts of physiologic deterioration. The 23-hospital MERIT study's inability to report a consistent and significant improvement in patient outcomes after the implementation of RRS may have been the result of physiologic deterioration not being noticed early enough at some hospitals. 9, 17, 34 Limitations This before-after, observational study reports our findings on the positive predictive value of the physiologic deterioration alerts based on nursing or MET evaluation on only two nursing units.
While there were significantly more MET calls only on unit A, the opinion of the nurses and MET nurses is that a number of MET calls were avoided due to the early notification of physiologic deterioration. Thus, the sole measurement of nursing approval, the number of MET calls, ICU transfers, and mortality may not represent the only positive impacts of the physiologic deterioration alerts. Also, while primary discharge diagnosis ICD-9 codes during the intervention and preintervention years were very similar for unit A and unit B and no impact of the simulation training on unit A was detected or of other secular trends at the unit level, other unit changes cannot be totally ruled out. For those alerts where bedside nurses did not fill out evaluations, the MET leads and intensive care nurses retrospectively examined the patients and reported a lower positive predictive value than the bedside nurses. Overall acceptance and appreciation of the alerts may have biased the bedside nurses' higher evaluation. Also, while the physiologic deterioration alerts were generated during the entire intervention year for unit A and unit B, the extra burden on the bedside nurses and the MET and intensive care nurses to evaluate the alerts was terminated on April 30, 2013. We have no reason to think the data would have changed with the additional 2 months of data on unit A or 4 months on unit B.
CONCLUSIONS
The ability to monitor hospitalized patients every 5 min and provide automated detection of early physiologic deterioration resulted in a significant increase in appropriate MET calls and a significant decrease in mortality, but only in the nursing unit containing older patients with multiple comorbidities, and thus further study is warranted to detect potential confounding. Moreover, nurses reported that the graphical alerts provided the information they needed to quickly evaluate patient status, they felt more confident about their assessment, and they were more at ease about requesting additional help.
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